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The quark sector of the Standard Model exhibits an approximate U(2)3 flavour symme-
try. This symmetry, broken in specific directions dictated by minimality, can explain
the success of the Cabibbo-Kobayashi-Maskawa picture of flavour mixing and CP vio-
lation, confirmed by the data so far, while allowing for observable deviations from it,
as expected in most models of ElectroWeak Symmetry Breaking. Building on previous
work in the specific context of supersymmetry, we analyze the expected effects and
we quantify the current bounds in a general Effective Field Theory framework. As
a further relevant example we then show how the U(2)3 symmetry and its breaking
can be implemented in a generic composite Higgs model and we make a first analysis
of its peculiar consequences. We also discuss how some partial extension of U(2)3 to
the lepton sector can arise, both in general and in composite Higgs models. An opti-
mistic though conceivable interpretation of the considerations developed in this paper
gives reasons to think that new physics searches in the flavour sector may be about to
explore an interesting realm of phenomena.
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1 Introduction and statement of the program
The experimental progress of the last decade has shown in a rather spectacular way that the
Cabibbo-Kobayashi-Maskawa (CKM) picture of flavour mixing and CP violation in the quark
sector, as included in the Standard Model (SM), is fundamentally at work. If one interprets
this result as due to a very short-distance origin of flavour physics with no expected deviation
from the CKM picture close to the Fermi scale, this constitutes a generic problem for theories of
ElectroWeak Symmetry Breaking (EWSB) beyond the SM and – something even more worrisome
– it weakens the hope to be able to provide a rational explanation of quark masses and mixings.
This is not, however, a necessity. An alternative view posits that the success of the CKM picture
be due to the existence of a suitable flavour symmetry appropriately broken in some definite
direction, thus allowing a scale of new flavour physics phenomena sufficiently near to the Fermi
scale to leave room for relatively small but nevertheless observable deviations from the SM in
the flavour sector. An example largely studied in the literature is represented by the hypothesis
of Minimal Flavour Violation (MFV), based, in the quark sector, on a U(3)3 symmetry [1–3].
Along these lines, here we take the point of view that a more interesting symmetry to study be
a U(2)q × U(2)u × U(2)d symmetry – for brevity U(2)3 – acting on the first two generations of
quarks of different SU(2)×U(1) quantum numbers, qL, uR and dR. The superiority of U(2)3 stems
from the observed pattern of quark masses and mixings, which makes U(2)3 a good approximate
symmetry of the SM Lagrangian, broken at most by an amount of order a few ×10−2. This is
the size of Vcb, comparable to or bigger than the mass ratios mc,u/mt or ms,d/mb. U(3)
3 on the
contrary is badly broken at least by the top Yukawa coupling.
To describe the breaking of U(2)3 we assume that it is encoded in a few small dimensionless
parameters. Their origin is unknown and may be different, for example, in different models of
EWSB, but we require that they have definite transformation properties under U(2)3 itself, so
that the overall Lagrangian, fundamental or effective as it may be, remains formally invariant.
This is what we mean by saying that U(2)3 is broken in specific directions. Along these lines,
the simplest way to give masses to both the up and down quarks of the first two generations is
to introduce two (sets of) parameters ∆Yu, ∆Yd, transforming as ∆Yu = (2, 2¯, 1), ∆Yd = (2, 1, 2¯)
under U(2)q × U(2)u × U(2)d. If these bi-doublets were the only breaking parameters, the third
generation, made of singlets under U(2)3, would not communicate with the first two generations at
all. For this to happen one needs single doublets, at least one, under any of the three U(2)’s. The
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only such doublet that can explain the observed small mixing between the third and the first two
generations, in terms of a correspondingly small parameter, transforms under U(2)q×U(2)u×U(2)d
as V = (2, 1, 1). A single doublet under U(2)u or U(2)d instead of U(2)q would have to be of order
unity. To summarize, we assume that U(2)3 is an approximate symmetry of the flavour sector of
the SM only weakly broken in the directions (by the spurions)
∆Yu = (2, 2¯, 1), ∆Yd = (2, 1, 2¯), V = (2, 1, 1). (1)
The consequences of this framework for supersymmetric extensions of the SM has already been
examined in Ref. [4, 5]1. Within the same general framework, in this work we aim to address the
following questions:
• Taking an Effective Field Theory point of view, which are the limits on the possible size of
new flavour changing and CP violating interactions consistent with the current observations?
Which signals can one in turn expect in foreseen experiments?
• How can one implement the U(2)3 picture in a theory of EWSB containing a composite
Higgs boson?
• Can there be at least some partial extension of U(2)3 to the lepton sector, notwithstanding
the peculiar mixing properties shown by neutrinos, apparently quite different from the ones
of the quarks?
While addressing each of these questions in sections 2, 3 and 4, respectively, it will be interesting
to compare the answers with those one would obtain from a U(3)3 symmetry.
2 U(2)3 in Effective Field Theory
2.1 Relevant effective operators in the physical quark basis
Given the basic distinction between the third and the first two generations of quarks, we adopt
for the triplets of left-handed doublets and right-handed charge 2/3 and −1/3 quark singlets
respectively the self-explanatory notation
qL =
(
qL
q3L
)
, uR =
(
uR
tR
)
, dR =
(
dR
bR
)
, (2)
All the relevant operators are built from chirality conserving or chirality breaking quark bilinears:
q¯LiγµXijqLj ≈ a q¯3Lγµq3L + b q¯LγµqL + c q¯3Lγµ(V †qL) + c∗ (q¯LV )γµq3L + d (q¯LV )γµ(V †qL), (3)
q¯LiX
(d)
ij dRj ≈ λb (ad q¯3LbR + bd (q¯LV )bR + cd q¯L∆YddR) , (4)
q¯LiX
(u)
ij uRj ≈ λt (au q¯3LtR + bu (q¯LV )tR + cu q¯L∆YuuR) . (5)
1A U(2)3 symmetry with a non-minimal breaking pattern has recently been considered in the context of radiative
radiative flavour violation in the MSSM [6].
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In each of these equations we have neglected higher order terms in V ,∆Yu,∆Yd which, unless
differently specified, do not affect the following considerations and we have included order 1
coefficients, a, b, c, . . . , dependent upon the specific bilinear under consideration. Except for a, b, d
in Eq. (3), which are constrained to be real by hermiticity, all these coefficients are in general
complex. In each of the chirality breaking bilinears, relevant both for the mass terms and for
the σµν-terms, we have factored out the parameters λt ≈ mt/v and λb ≈ mb/v. While λt is of
order unity, the smallness of λb may be attributed to an approximate U(1)d acting on all the
right-handed down quarks in the same way inside and outside U(2)3. In presence of more than
one Higgs doublet, λb can get bigger values. Finally there is no significant flavour violation in the
chirality conserving right-handed quark bilinears.
It is useful to reduce by sole U(2)3 transformations the parameters V ,∆Yu,∆Yd to the form
V T = (0, ), ∆Yu = R
u
12 ∆Y
diag
u , ∆Yd = U
d
12 ∆Y
diag
d , (6)
where  is a real parameter of the same size as |Vcb|, R12 is a rotation matrix in the space of the
first two generations, Ud12 is a unitary matrix of the form U
d
12 = Φ1R
d
12 with Φ1 = diag(e
iφ, 1),
and ∆Y diagu , ∆Y
diag
d are real diagonal matrices. Incidentally this shows that, if CP violation only
resides in V ,∆Yu,∆Yd, there is a single physical phase, φ, which gives rise to the CKM phase.
To obtain the relevant flavour changing and CP violating effective operators in the physical quark
basis, one has to reduce the kinetic terms to canonical form and the mass matrices for the up and
down quarks to real diagonal form. Due to the specific breaking of U(2)3 in the directions (1),
a crucial fact is that the mass matrices are diagonalized, to a sufficient level of accuracy, by
transformations acting on the left-handed fields only.
As a result one gets (see Appendix A for details)2:
i) for the CKM matrix:
u¯LiγµVijdLj, V ≈ (Ru12)TU 23Ud12, (7)
where U 23 is a unitary matrix in the 23 sector with off-diagonal elements of order .
ii) for the chirality breaking bilinears in the down sector:
d¯Liσµνµ
α
ijdRj, µ
α ≈ λb
(
Aα(Ud12)
†Uα23I3 +Bα∆Y˜ diagd
)
, (8)
where Aα, Bα are parameters of order unity, in general complex, I3 = diag(0, 0, 1) and
∆Y˜ diagd = diag(
d
1, 
d
2, 0), with 
d
1 and 
d
2 the diagonal entries of ∆Y
diag
d .
iii) for the chirality conserving bilinears:
d¯LiγµX
β
ijdLj, X
β ≈ Aβ1 +Bβ(Ud12)†Uβ23I32(Uβ23)†Ud12, (9)
where Aβ, Bβ are real parameters and I32 = diag(0, O(2), 1). Uα,β23 are unitary matrices in
the 23 sector with off-diagonal elements of order  and, as U 23, are real if CP violation only
resides in the spurions.
2In the following all the matrices are in three-dimensional space, with Ru12 and U
d
12 extended with a 1 in the 33
position.
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Finally this leads to the following exhaustive set of relevant flavour changing effective operators3,
all weighted by the square of an inverse mass scale 1/Λ:
i) ∆B = 2, i = s, d
cBLLe
iφBξ2ib
1
2
(d¯LiγµbL)
2, (10)
ii) ∆S = 2
cKLLξ
2
ds
1
2
(d¯LγµsL)
2, (11)
iii) ∆B = 1, i = s, d, chirality breaking (α = γ,G):
cαeiφ
α
ξibmb(d¯LiσµνbR)O
α
µν , O
α
µν = eFµν , gsGµν , (12)
iv) ∆B = 1, i = s, d, chirality conserving (β = L,R,H):
cβBe
iφβξib(d¯LiγµbL)O
β
µ, O
β
µ = (l¯LγµlL), (e¯RγµeR), (H
†DµH), (13)
v) ∆S = 1, chirality conserving:
cβKξds(d¯LγµsL)O
β
µ, O
β
µ = (l¯LγµlL), (e¯RγµeR), (H
†DµH), (14)
where ξib = VtbV
∗
ti , ξds = VtsV
∗
td and the coefficients c
B
LL, c
K
LL, c
α, cβB, c
β
K are real, with the phases
made explicit wherever present. All these coefficients are model dependent and, in principle, of
similar order.
Analogous expressions can be found for operators involving the up quarks. However if these
operators are weighted by the same scale Λ as for the down quarks, they are phenomenologically
irrelevant unless some of the relative dimensionless coefficients are at least one order of magnitude
bigger than the ones in Eq. (10-14). This is in particular the case for operators contributing to
D − D¯ mixing, to direct CP violation in D-decays or to top decays, t → cγ or t → cZ (see
Appendix B).
2.2 Comparison with U(3)3 at small and large tanβ
It is useful to compare the expectations of the U(2)3 symmetry suitably broken as described in
Section 1 with the case of U(3)Q × U(3)u × U(3)d broken in the directions Yu = (3, 3¯, 1) and
Yd = (3, 1, 3¯), as we now briefly recall from the literature [3, 7–9].
First, by sole U(3)3 transformations, one can set without loss of generality
Yu = V
†
0 Y
diag
u , Yd = Y
diag
d , (15)
3We omit ∆F = 1 operators which only enter low-energy observables in a fixed linear combination with the ones
considered here and do not lead to qualitatively new effects.
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where Y diagu , Y
diag
d are real diagonal matrices and V0 is a unitary matrix
4 dependent on one single
phase. Therefore the CKM phase is the only source of CP violation if no new phase is born outside
of Yu or Yd, no matter what the value of tan β is.
As in the U(2)3 case, to determine the relevant flavour violating operators one has to reduce the
kinetic terms to canonical form and the mass matrices to real diagonal form. In turn this depends
on the value of tan β which determines the need to include or not powers of YdY
†
d in effective
operators. For moderate tan β the relevant flavour violating quark bilinears in the physical basis
have the approximate form (i, j = d, s, b):
A d¯Liσµν(V
†I3V Y diagd )ijdRj, B d¯Liγµ(V †I3V )ijdLj, (16)
where A is a complex parameter and B a real one. This leads to the following set of relevant
operators (ξij = VtjV
∗
ti ):
i) ∆F = 2
CLLξ
2
ij
1
2
(d¯LiγµdLj)
2, (17)
ii) ∆F = 1, chirality breaking (α = γ,G):
Cαeiχ
α
ξij(d¯LiσµνmjdRj)O
α
µν , O
α
µν = eFµν , gsGµν , (18)
iii) ∆F = 1, chirality conserving (β = L,R,H):
Cβξij(d¯LiγµdLj)O
β
µ, O
β
µ = (l¯LγµlL), (e¯RγµeR), (H
†DµH), (19)
with CLL, C
α, Cβ real.
At large tan β both powers of YuY
†
u and YdY
†
d are relevant in effective operators [7, 8, 10]. The
fact that λt and λb are both of O(1) leads to the the breaking of U(3)
3 down to U(2)3. Note that
this is not enough to conclude that U(3)3 at large λb leads to the same pattern of flavour violation
described in the previous subsection. For this to happen one needs that the breaking directions
of U(2)3 be as in (1). However, due to the fact that U(3)3 is only broken in the Yu,d directions,
this is the case. To see this, after suitable U(3)3 transformations, one can write Yu,d as [7, 8]
Yu,d = e
±iχˆ/2 λt,b
(
∆Yu,d 0
0 1
)
, (20)
where ∆Yu,d are 2× 2 matrices as in (1) and χˆ is a hermitian 3× 3 matrix with χ a 2-component
vector,
χˆ =
(
0 χ
χ† 0
)
, (21)
which determines the misalignement of Yu,d in the 13 and 23 directions, known to be small, of
order |Vcb|, from the CKM matrix. Expanding in χˆ,
Yu,d ≈ λt,b
(
∆Yu,d ±iχ/2
±iχ†∆Yu,d/2 1
)
, (22)
4We use the notation V0 to distinguish it from the CKM matrix V which differs in general by order one corrections
from V0.
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which shows that χ plays the same role as V . For example the term in the bottom left of (22), of
subleading order, is given in the language of (4, 5) by q¯3(V
†∆YddR) or q¯3(V †∆YuuR)5. Therefore
U(3)3 at large tan β leads in general to the same effective operators as in (10-14), apart from
the characteristic tan β-dependence of the various coefficients, which should also show up both in
flavour violating and in suitable flavour conserving amplitudes.
2.3 Current bounds and possible new effects
2.3.1 ∆F = 2 processes
As discussed above, the relevant ∆F = 2 operators generated in the U(2)3 framework read
Heff = c
K
LL
Λ2
ξ2ds
1
2
(
d¯LγµsL
)2
+
∑
i=d,s
cBLLe
iφB
Λ2
ξ2ib
1
2
(
d¯iLγµbL
)2
+ h.c. , (23)
where cK,BLL are real, model dependent parameters that can be of O(1). The U(3)
3 case at low
tan β is recovered for cKLL = c
B
LL and φB = 0. As shown in [4], the observables in K, Bd and Bs
meson mixing are modified as
K = 
SM(tt)
K (1 + hK) + 
SM(tc+cc)
K , (24)
SψKS = sin
(
2β + arg
(
1 + hBe
iφB
))
, (25)
Sψφ = sin
(
2|βs| − arg
(
1 + hBe
iφB
))
, (26)
∆Md = ∆M
SM
d
∣∣1 + hBeiφB ∣∣ , (27)
∆Md
∆Ms
=
∆MSMd
∆MSMs
, (28)
where
hK,B = c
K,B
LL
4s4w
α2emS0(xt)
m2W
Λ2
≈ 1.08 cK,BLL
[
3 TeV
Λ
]2
. (29)
In the special case of supersymmetry with dominance of gluino contributions, one has hK =
x2F0 > 0 and hB = xF0, where F0 is a positive loop function given in [4] and x an O(1) mixing
parameter.
To confront the effective Hamiltonian (23) with the data, the dependence of the ∆F = 2
observables on the CKM matrix elements has to be taken into account. To this end, we performed
global fits of the CKM Wolfenstein parameters A, λ, ρ¯ and η¯ as well as the coefficients cK,BLL and
the phase φB to the set of experimental observables collected in the left-hand column of Tab. 1,
by means of a Markov Chain Monte Carlo, assuming all errors to be Gaussian.
The results of four different fits are shown in Fig. 1. The top left panel shows the fit prediction
for cKLL in a fit with c
B
LL = 0. The top centre panel shows the fit prediction in the c
B
LL–φB plane
5As in the case of Eq. (15), note that Yu,d in (22) are not in general proportional to the physical u, d mass matrices,
due to the presence of YuY
†
u and YdY
†
d corrections both in the mass terms themselves and in the kinetic terms.
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|Vud| 0.97425(22) [17] fK (155.8± 1.7) MeV [18]
|Vus| 0.2254(13) [19] BˆK 0.737± 0.020 [18]
|Vcb| (40.6± 1.3)× 10−3 [20] κ 0.94± 0.02 [21]
|Vub| (3.97± 0.45)× 10−3 [22] fBs
√
Bˆs (288± 15) MeV [23]
γCKM (74± 11)◦ [15] ξ 1.237± 0.032 [18]
|K | (2.229± 0.010)× 10−3 [20] ηtt 0.5765(65) [24]
SψKS 0.673± 0.023 [25] ηct 0.496(47) [26]
∆Md (0.507± 0.004) ps−1 [25] ηcc 1.38(53) [16]
∆Ms/∆Md (35.05± 0.42) [27,25]
φs −0.002± 0.087 [28]
Table 1: Observables and hadronic parameters used as input to the ∆F = 2 fits.
in a fit with cKLL = 0. The preference for non-SM values of the parameters in both cases arises
from the tension in the SM CKM fit between K (when using the experimental data for Vcb and
sin 2β as inputs) and SψKS = sin 2β [11–16]. As is well known, this tension can be solved either by
increasing K (as in the first case) or by decreasing SψKS by means of a new physics contribution
to the Bd mixing phase (as in the second case). In the second case, also a positive contribution to
Sψφ = − sin 2φs is generated. The top right panel shows the fit prediction in a fit where φB = 0
and cBLL = c
K
LL ≡ cLL, i.e. the U(3)3 or MFV limit. In that case, a positive cLL cannot solve the
CKM tension, since it would lead to an increase not only in K , but also in ∆Md,s.
The two plots in the bottom row of Fig. 1 show the projections onto the cKLL–c
B
LL and c
B
LL–
φB planes of the fit with all 3 parameters in (23) non-zero. Since both solutions to the CKM
tension now compete with each other, the individual parameters are less constrained individually.
In the case of supersymmetry with dominance of gluino contributions, as mentioned above, the
modification of the Bd,s and K mixing amplitudes is correlated by the common loop function
F0, which depends on the gluino and left-handed sbottom masses. Taking into account direct
constraints from LHC on the sbottom and gluino masses, one finds that values of F0 above about
0.04 are disfavoured. This constraint is shown in the bottom-left panel of Fig. 1 as a gray region.
However, we note that this bound (but not the correlation predicted by U(2)3) is invalidated once
chargino contributions dominate.
2.3.2 ∆F = 1 processes
The U(2)3 predictions for ∆F = 1 processes are more model-dependent because a larger number
of operators is relevant. In addition, the main prediction of universality of b → s and b → d
amplitudes – but not s → d amplitudes – is not well tested. Firstly, current data are better for
b→ s decays compared to b→ d decays. Secondly, the only clean s→ d processes are K → piνν¯
decays, but b→ qνν¯ processes have not been observed yet. Thus, in the following we will present
8
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Figure 1: Fit predictions (68 and 95% Bayesian credible regions) in ∆F = 2 fits with cBLL = 0
(top left), cKLL = 0 (top centre), c
B
LL = c
K
LL, φB = 0 (top right, relevant to U(3)
3)
and with all 3 parameters independent (bottom). The gray region in the bottom left
plot is disfavoured by direct searches only in the SUSY case with dominance of gluino
contributions.
the constraints on the effective Hamiltonian (v = 246 GeV)
Heff =
∑
i=d,s
ξib
[
c7γe
iφ7γ
Λ2
mb
(
d¯iLσµνbR
)
eF µν +
c8ge
iφ8g
Λ2
mb
(
d¯iLσµνT
abR
)
gsG
µν a
+
cLe
iφL
Λ2
(
d¯iLγµbL
) (
l¯LγµlL
)
+
cRe
iφR
Λ2
(
d¯iLγµbL
)
(e¯RγµeR) +
cHe
iφH
Λ2
v2
2
(
d¯iLγµbL
) g
cw
Zµ
]
+ h.c. ,
(30)
using only data from inclusive and exclusive b→ s decays, making use of the results of [29]. While
in the supersymmetric case, only the coefficients c7γ and c8g are relevant [5], in general all the
coefficients in (30) can be relevant and of O(1). Since the chromomagnetic penguin operator enters
the observables considered in the following only through operator mixing with the electromagnetic
one, we will ignore c8g in the following.
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Figure 2: 68 and 95% C.L. allowed regions for the ∆F = 1 coefficients in U(2)3, using the results
of a global analysis of inclusive and exclusive b→ s decays [29].
Fig. 2 shows the constraints on the coefficients of the four operators in (30) and their phases.
The constraints are particularly strong for the magnetic penguin operator and the semi-leptonic
left-left vector operator. In the first case, this is due to the B → Xsγ branching ratio, in the
second case due to the forward-backward asymmetry in B → K∗µ+µ−. Interestingly, in both
cases, the constraint is much weaker for maximal phases of the new physics contribution, since the
interference with the (real) SM contribution is minimized in that case. For the two operators in
the right-hand column of Fig. 2, this effect is less pronounced. The reason is that both coefficients
are accidentally small in the SM: in the first case due to the small Z coupling to charged leptons
proportional to (1 − 4s2w) and in the second case due to C9(µb) ≈ −C10(µb) (in the convention
of [29]).
To ease the interpretation of Fig. 1, 2, all the coefficients are normalized, as explicitly indicated,
to a scale Λ = 3 TeV, which might represent both the scale of a new strong interaction responsible
for EWSB, Λs ≈ 4piv, or the effective scale from loops involving the exchange of some new
weakly interacting particle(s) of mass of O(v). Interestingly the fits of the current flavour data
are generally consistent with coefficients of order unity, at least if there exist sizable non vanishing
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phases, when they are allowed. Note in this respect that U(3)3 at low tan β does not allow phases
in cL,R,H in Fig. 2, with correspondingly more stringent constraints especially on cL. A possible
interpretation of these Fig. 1, 2 is that the current flavour data are at the level of probing the U(2)3
hypothesis in a region of parameter space relevant to several new theories of EWSB. Needless to
say, the presence of phases in flavour-diagonal chirality breaking operators has to be consistent
with the limits coming from the neutron Electric Dipole Moment. It should also be noted that
the coefficients of the flavour diagonal operators, analogue of the ones in the second line of (30),
are limited by the ElectroWeak Precision Tests at a similar level to the ones shown in Fig. 2.
3 U(2)3 in composite Higgs models
3.1 General setup
If the Higgs boson is a composite particle by a suitable new strong interaction, the problem of
describing flavour in a way consistent with current experiments is non trivial. It is therefore
natural to ask if U(2)3 can be implemented in this case as well and to see which are its general
consequences, if the implementation is possible at all.
At least in an effective description the way the standard fermions (collectively called f) see
the composite Higgs boson(s), H, is by admitting the presence of composite vector-like fermions
(F ), naturally coupled to H by the strong interactions through Yukawa-like terms, schematically
λFHF , and mixed with the standard fermions by mass terms, mFf [30, 31]. Both Y and m are
assumed to break in specific directions the global flavour symmetries acting on F and f .
What does one need to try to get a consistent description of flavour in this specific setup? One
way introduced in [32]6 is to assume a sufficiently large flavour symmetry respected by the strong
sector, including the coupling λFHF , and shared by some of the elementary fermions. To see
explicitly how this works, let us consider the U(3)3 example recently discussed in [34].
The vector-like fermions F are composed of two SU(2)L doublets, Q
u and Qd, with the same
quantum numbers under the SM gauge group as the standard qL, and of SU(2)L singlets, U and
D, with the quantum numbers of u and d respectively7. Any of these composite fermions has a
flavour index that goes from 1 to 3, as for the standard quarks. One assumes that the Yukawa
couplings of the heavy fermions as well as their mass terms8
Ls = λUQ¯uLHUR + λDQ¯dLH˜DR +MuQQ¯uLQuR +MdQQ¯dLQdR +MU U¯LUR +MDD¯LDR + h.c. (31)
respect a U(3)U ×U(3)D flavour symmetry. Furthermore, to minimize possible new flavour effects
and adopting the nomenclature of [34], one assumes that this symmetry is extended to the stan-
dard right-handed quarks (Right-compositeness) or to the left-handed ones (Left-compositeness).
Explicitly
LR-compmix = mU U¯LuR +mDD¯LdR + q¯LmˆuQuR + q¯LmˆdQdR + h.c. (32)
6But actually effectively implemented before in a 5-dimensional example in [33].
7Each of the composite fermions may be part of a larger multiplet, so that, e.g., the Yukawa coupling λFHF
enjoys a SU(2)L×SU(2)R symmetry. This is not of relevance, however, to the problems discussed in this paper.
8We omit the Yukawa terms λ˜U Q¯
u
RHUL + λ˜DQ¯
d
RH˜DL + h.c., since they do not affect our considerations.
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or
LL-compmix = mU q¯LQuR +mDq¯LQdR + U¯LmˆuuR + D¯LmˆddR + h.c. , (33)
where only the mass terms with a hat break the flavour symmetries. Accordingly, with mˆu,d set to
zero, the full flavour symmetry in the two cases is respectively (with a self explanatory notation):
• Right-compositeness: U(3)q × U(3)U+u × U(3)D+d ,
• Left-compositeness: U(3)q+U+D × U(3)u × U(3)d .
In the two cases mˆu and mˆd transform under one of these symmetries as (3, 3¯, 1) and (3, 1, 3¯).
If one views the distinction between the third and the first two generations as a basic property
of the entire theory, including the strong sector, which looks to us as a physically appealing point
of view, it is straightforward to see how the U(2)3 case works. Specifically, the analogue of Ls
in (31) only respects a (U(2) × U(1))U × (U(2) × U(1))D flavour symmetry, whereas the mixing
Lagrangians in the two cases are:
LR-compmix (U(2)3) ≈ mU(Au T¯LtR+Bu U¯LuR)+ m˜U(au q¯3LQu3R+ bu (q¯LV )Qu3R+ cu q¯L∆YuQuR)+h.c.
(34)
or
LL-compmix (U(2)3) ≈ mU(Au q¯3LQu3R +Bu q¯LQuR) + m˜U(au T¯LtR + bu (U¯LV )tR + cu U¯L∆YuuR) + h.c.
(35)
plus analogous terms for the down quarks. To clarify the notation, we always use capital letters
for composite fields and, as in (2), vectors in the first two generations space are in boldface. With
m˜U,D switched off, the flavour symmetries are:
• Right-compositeness: U(3)q × (U(2)× U(1))U+u × (U(2)× U(1))D+d ,
• Left-compositeness: (U(2)× U(1))q+U+D × U(3)u × U(3)d .
The terms only involving the fields of the third generation break these symmetries down to:
• Right-compositeness: U(2)q × U(2)U+u × U(2)D+d ,
• Left-compositeness: U(2)q+U+D × U(2)u × U(2)d ,
up to overall baryon number, and, in analogy with Section 2, V ,∆Yu,∆Yd transform under one
of these symmetries as (2, 1, 1), (2, 2¯, 1), (2, 1, 2¯) respectively.
3.2 Flavour and CP violation
The limited ability to calculate in a strongly interacting theory, like the one under discussion in
this Section, makes it seem difficult to go beyond EFT considerations. Due to the specific way
of flavour breaking, by mass mixings as in (32–33) or in (34–35), this is actually not the case:
only some of the flavour breaking operators survive among the ones discussed in Section 2. As
we now illustrate, this is summarized in Table 2 for U(3)3 and for U(2)3 respectively, with a
neat distinction between Right- and Left-compositeness, and compared with generic EFT theory
expectations. We are interested in the relevant flavour violating operators involving the elementary
fields to all orders in the strong interaction dynamics, i.e. after integrating out the heavy composite
degrees of freedom.
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bL ↔ qL sL ↔ dL bR ↔ qL
U(3)3 moderate tβ R ↔ R C
U(3)3 R-comp. R ↔ R 0
U(3)3 L-comp. 0 0 0
U(2)3, U(3)3 large tβ C R C
U(2)3 R-comp. C R 0
U(2)3 L-comp. R R C
Relevant processes
B0q -B¯
0
q K
0-K¯0 b→ sγ
b→ sll¯, νν¯ K → piνν¯ b→ sll¯
Table 2: Expected new physics effects in U(3)3 vs. U(2)3 in the generic EFT cases and in the spe-
cial cases of left- and right-compositeness, for chirality conserving and chirality breaking
∆F = 1, 2 FCNC operators in the B and K systems. R denotes possible effects, but
aligned in phase with the SM, C denotes possible effects with a new phase, and 0 means
no or negligible effects. In U(3)3, an additional feature is that the effects in b→ q (where
q = d, s) and s→ d transitions are perfectly correlated. In two Higgs doublet models at
large tan β, the possible effects in U(3)3 correspond to the ones in U(2)3 (4th row) and
the correlation can be broken. The last two rows show the processes most sensitive to
the respective operators.
3.2.1 Left-compositeness: U(3)3 case
By pure symmetry considerations, several fermion bilinears can be written that would lead to
flavour violation, e.g. q¯Lmˆumˆ
†
uγµqL. However an operator containing this bilinear cannot be
generated without propagating the elementary field uR in an internal line, as seen from (33). On
the contrary, one can generate u¯Rmˆ
†
umˆuγµuR or d¯Rmˆ
†
dmˆdγµdR, none of which gives rise to flavour
violation after going to the physical mass basis for the quarks. In U(3)3 and Left-compositeness
the only operators that lead to flavour violation and can be generated by integrating out heavy
degrees of freedom are of charged-current type, e.g. (u¯Rmˆ
†
umˆdγµdR)(H
Tσ2DµH). This operator
would contribute to correct the SM rate for B → τν but only by a negligibly small amount, unless
weighted by an anomalously large dimensionless coefficient.
3.2.2 Right-compositeness: U(3)3 case
Unlike the case of Left-compositeness, here the bilinear q¯Lmˆumˆ
†
uγµqL can be generated, e.g. by
mixing effects on the current Q¯uγµQ
u coupled to a heavy ρ-like composite vector. Hence flavour
changing operators of chirality conserving type do exist, as in the generic EFT case. From the
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ρµ
qL qL
qL qL
gρ
gρ
mˆu mˆu
mˆu mˆu
Figure 3: Four-fermion operator contributing to the ∆F = 2 amplitudes in the U(3)3 case with
Right-compositeness.
diagram of Fig. 3 we estimate for the coefficient of the ∆F = 2 operator
L∆F=2 = g
2
ρ
M2ρλ
4
U sin
4 θR
ξ2ij(q¯LiγµqLj)
2, (36)
where sin θR = mU/
√
m2U +M
2
U . The only special property in composite Higgs models with
U(3)3 flavour symmetry is that no new phase appears in these operators, even for large tan β,
since bilinears like q¯Lmˆumˆ
†
umˆdmˆ
†
dγµqL cannot be generated without propagation of the elementary
fermions. Similarly no flavour violating bilinear of chirality breaking type, like e.g. q¯Lmˆumˆ
†
umˆddR,
can be generated.
3.2.3 Left-compositeness: U(2)3 case
The different treatment of the third generation quarks, elementary or composite, with respect to
the first two has important consequences. Let us consider first the chirality breaking bilinears.
In Fig. 4 we show the leading terms contributing to the effective Yukawa couplings of the down
quarks to the Higgs boson. The important thing to note is that the strong Yukawa couplings of the
Higgs doublet to the heavy quarks, although flavour conserving, are different if the coupling is to
the third generation than if it is to the first two. Let us now consider the analogous diagrams with
a photon line also attached to the strong Yukawa-coupling vertex, i.e. an operator contributing,
when the Higgs boson gets a vev, to the dipole moments of the heavy quarks. Here too the
dipole moment of the third-generation composite quarks is in general different from the one of
the first two generations, but, what is more important, the two dipole moments will not be in
the same ratio as the corresponding Yukawa couplings. In turn this produces a misalignment in
flavour space of the mass versus the magnetic moment operator, i.e. to a residual flavour breaking
interaction with the size expected in the generic EFT approach and Λ ≈ 4piv ≈ 3 TeV, except
that the presence of a new phase requires CP violation in the strong sector.
The situation is analogous in chirality conserving bilinears, where the diagrams in Fig. 5 produce
an effective current with a mismatch between the coefficient of the q¯3Lγµq3L term and the one of
the q¯LγµqL term. In turn, after going to the physical quark basis for the down quarks, this gives
rise to flavour violation as in the generic EFT case, although without a new phase.
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q3L Qd3 B bR
〈H〉
qL Qd3 B bR
〈H〉
V
qL Qd D dR
〈H〉
∆Yd
(a) Right-handed compositeness
q3L Qd3 B bR
〈H〉
qL Qd D bR
〈H〉
V
qL Qd D dR
〈H〉
∆Yd
(b) Left-handed compositeness
Figure 4: Leading contributions to chirality breaking bilinears (mass terms) from insertions of
composite fermions, in the two cases of right- and left-handed compositeness. Crosses
denote the mixings that break flavour symmetry, while dots denote the diagonal mixings.
The strong dynamics in the first two diagrams in (a) is the same, as it is in the last two
diagrams in (b).
3.2.4 Right-compositeness: U(2)3 case
In the chirality breaking bilinears the difference with the Left-compositeness case is in the heavy
mediating quarks in Fig. 4. As a consequence the relative coefficients between the bilinears
q¯3L(1, σµν)bR and q¯L(1, σµν)bR is the same for the mass terms as for the dipole terms. The relative
coefficient changes for q¯L(1, σµν)dR. Nevertheless, when going to the physical mass basis, the
dipole terms are also diagonalized. On the contrary, for chirality conserving bilinears, there is no
special change relative to the general EFT analysis.
q3L Qu,d3 Q
u,d
3
q3L
ρµ
qL Qu,d Qu,d qL
ρµ
Figure 5: Leading contribution to flavour conserving bilinears, in the case of left-handed compos-
iteness. Flavour violation arises after rotating to the physical quark basis.
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4 Lepton Flavour Violation
4.1 General setup and current bounds in Effective Field Theory
If one tries to extend the considerations developed so far to the lepton sector, one faces two
problems. First, while the hierarchy of charged lepton masses is comparable to the mass hierarchies
in the quark sector, the leptonic charged-current mixing matrix does not exhibit the hierarchical
pattern of the CKM matrix. Secondly, in the likely possibility that the observed neutrinos are
of Majorana type and are light because of a small mixing to heavy right-handed neutrinos, the
relevant parameters in the Yukawa couplings of the lepton sector, Hl¯LYeeR and H˜l¯LYννR, are
augmented, relative to the ones in the quark sector, by the presence of the right-handed neutrino
mass matrix, νTRMνR, which is unknown. To overcome these problems we make the following two
hypotheses:
• we suppose that the charged leptons, thorough Ye, behave in a similar way to the quarks,
whereas Yν and M are responsible for the anomalously large neutrino mixing angles;
• we assume that Yν has no significant influence on flavour physics near the Fermi scale in
spite of the presence at this scale of new degrees of freedom carrying flavour indices, like
sneutrinos or heavy composite leptons. One can imagine many reasons for this to be the
case, like e.g. in the discussion of the next Section.
Extending U(3)3 and U(2)3 to the leptonic sector, we consider respectively a U(3)l × U(3)e
and a U(2)l × U(2)e symmetry. Here comes another significant difference between the two cases:
in the U(3)l × U(3)e case, with Ye transforming as a (3, 3¯), there is no new flavor changing
phenomenon at the Fermi scale other than the leptonic charged-current mixing matrix, since Ye
can be diagonalized by a U(3)l × U(3)e transformation. On the contrary, let us assume that the
U(2)l × U(2)e symmetry be broken weakly by the spurions
∆Ye = (2, 2¯) , Ve = (2, 1) . (37)
By proceeding in the same way as for the quarks in Section 2.1, one can set
Ve
T = (0, η), ∆Ye = R
e
12∆Y
diag
e (38)
and see the occurrence of flavour changing bilinears with two important differences relative to the
quark case. Firstly, one cannot relate the size of η or of the angle θe in R
e
12 to the mixing matrix
in the leptonic charged current. Secondly, due to the importance of µ → eγ, one has to include
in the expansion of the chirality breaking bilinears, analogue of eq. (4), subleading terms like
(l¯LVe)(Ve
†∆YeeR), and perform the rotation to the physical basis to the corresponding order in
the spurions.
The flavour changing dimension six effective operators in the lepton sector can then be written
as
i) τ → µ, e, chirality breaking:
cτζiτmτ (e¯LiσµντR) eFµν , (39)
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µ→ eγ 2.4× 10−12 [35] µ→ 3e 1.0× 10−12 [36] µ→ e (Ti) 6.1× 10−13 [37]
τ → eγ 3.3× 10−8 [38] τ → 3e 2.7× 10−8 [39]
τ → µγ 4.3× 10−8 [38] τ → 3µ 2.1× 10−8 [39]
Table 3: 90% C.L. experimental upper bounds on the branching ratios of 6 LFV decays and on
the µ→ e conversion rate in Titanium.
operator |c˜eµ| |c˜eτ | |c˜µτ | constrained from
mej(e¯LiσµνeRj)eFµν 0.07 0.79 0.2 lj → liγ
(e¯LiγµeLj)(e¯Liγ
µeLi) 0.6 9.4 1.8 lj → 3li
(e¯LiγµeLj)(e¯Riγ
µeRi) 0.9 13 2.6 lj → 3li
(e¯LiγµeLj)(u¯γ
µu) 0.03 – – µ→ e (Ti)
(e¯LiγµeLj)(d¯γ
µd) 0.03 – – µ→ e (Ti)
Table 4: 90% C.L. upper bounds on the reduced coefficients defined in (44). The last column lists
the processes giving the strongest constraint on the respective operators.
ii) µ→ e, chirality breaking:
cµζeµmµ (e¯LσµνµR) eFµν , (40)
iii) τ → µ, e, chirality conserving:
cβτ ζiτ (e¯LiγµτL)O
β
µ, (41)
Oβµ =
(
l¯LγµlL
)
, (e¯RγµeR) , (q¯LγµqL) , (u¯RγµuR) ,
(
d¯RγµdR
)
,
(
H†DµH
)
, (42)
iv) µ→ e, chirality conserving:
cβµζeµ (e¯LγµµL)O
β
µ, (43)
where ζij = U
3i∗
eL U
3j
eL and |UeL| ' Re12Re23 is the left-handed charged lepton Yukawa diagonalization
matrix. All these coefficients are model dependent and, in principle, of similar order.
The current bounds on LFV processes are collected in Tab. 3. Using them, bounds can be set
on the above coefficients, making assumptions about the mass scale of new physics and the size
of the mixing angles ζij. Details on the dependence of the observables on the coefficients can be
found in Appendix C. In Tab. 4, we show the bounds on the dimensionless reduced coefficients
c˜ij = cj ×
[
3 TeV
Λ
]2 [
ζij
VtiV ∗tj
]
, (44)
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where the indices i, j = e, µ, τ refer to the specific flavour transitions. For Λ = 3 TeV some of these
bounds are significant, especially from µ-decay processes. Note however that the normalization
of the ζij to the corresponding products of the CKM matrix elements should only be taken as
indicative. Note furthermore that the operators contributing to µ→ e conversion are suppressed
in specific models by explicit gauge coupling factors (supersymmetry) or by small mass mixing
terms (composite Higgs models, see below).
A specific case that can be studied along these lines is supersymmetry. In that case, only
the dipole operator in Eq. (39, 40) is relevant in the processes listed in Tab. 4. The dominant
contribution (even for moderate tan β), assuming heavy first and second generation sleptons and
a common mass m˜ for the charginos and third generation sleptons, reads
cjζij =
g2
128pi2
W i3∗L W
j3
L
m˜2
tan β , (45)
whereWL governs lepton flavour violation in the charged lepton-slepton-gaugino vertices, [l¯
i
LW
ij
L l˜
j
L]W˜ .
One then finds
|W 23∗L W 13L |
|VtsV ∗td|
< 0.6×
[ mτ˜L
500 GeV
]2 [ 10
tan β
]
, (46)
|W 33∗L W 13L |
|VtbV ∗td|
< 1.2×
[ mτ˜L
500 GeV
]2 [ 10
tan β
]
, (47)
|W 33∗L W 23L |
|VtbV ∗ts|
< 0.3×
[ mτ˜L
500 GeV
]2 [ 10
tan β
]
. (48)
More details on the SUSY case can be found in Appendix C.1.
4.2 LFV in composite Higgs models and the g − 2 of the muon
To make a composite Higgs model fully realistic one must extend the discussion of Section 3 to
the lepton sector as well. A rather unique way in which this can be done closely mimics the case
of the quarks. In the strong sector composite vector-like leptons, L, E and N , are assumed to
exist with the same quantum numbers of the elementary lL, eR, νR as well as Yukawa couplings
and mass terms in analogy with (31)9. Similarly there will be mass mixing terms between the
composite and the elementary fermions. The only asymmetry with the quark sector is in the
presence of a mass matrix for the elementary νR, with elements much larger than any other scale.
As a consequence the neutrino spectrum, per generation, consists of one light neutrino, which can
be arranged to have standard left-handed weak interaction to a sufficient level of accuracy, two
quasi-Dirac neutrinos at the typical compositeness scale and one superheavy almost pure right-
handed neutrino. Following the discussion of the previous Section we assume that the right-handed
neutrino mixing matrix, N¯LmˆννR, and the Majorana mass matrix of the right-handed neutrinos
have a flavour structure such that the mass matrix of the light neutrinos gives rise to the large
mixing angles of the leptonic charge current.
9Although we do not think it to be phenomenologically necessary, to maximize the quark-lepton symmetry one
can consider two SU(2)L-doublets, L
e and Lν .
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What about the flavour properties of the light charged leptons to all orders in the strong
interactions? Let us consider first the case in which the strong sector conserves a diagonal leptonic
U(3)L symmetry. As mixing terms we can consider:
LR-compmix = mEE¯LeR + l¯LmˆeLR (49)
or
LL-compmix = mE l¯LLR + E¯LmˆeeR, (50)
with mˆe transforming as (3, 3¯) under U(3)l × U(3)L+e or U(3)L+l × U(3)e respectively. As antic-
ipated, in either case there is no leptonic flavour changing phenomenon at the Fermi scale other
than the standard mixing in the leptonic charged-current interaction. This is because mˆe can be
set to diagonal form and mˆν has no effect at the Fermi scale. The discussion of lepton flavour vio-
lation in the case of a U(2) symmetry proceeds along similar lines as in the quark case. The strong
interaction Lagrangian respects a (U(2)×U(1))L symmetry whereas the mixing Lagrangians are:
LR-compmix (U(2)) ≈ mE(Ae T¯LτR+Be E¯LeR)+m˜E(ae l¯3LL3R+be (l¯LVe)L3R+ce l¯L∆YeLR)+h.c. (51)
or
LL-compmix (U(2)) ≈ mE(Ae l¯3LL3R+Be l¯LLR)+m˜E(ae T¯LτR+be (E¯LVe)τR+ce E¯L∆YeeR)+h.c. (52)
Both in the case of Left- and of Right-compositeness there are flavour violating, chirality conserving
transitions, whereas a difference exists for chirality breaking transitions, as in the quark case.
This means that the leading order operators, τ → µ, e + γ as in (39), are present only in the
Left-compositeness case, with an amplitude proportional to mτ . On the contrary, as a subleading
phenomenon in the expansion in ∆Ye and Ve, the µ → e + γ operator as in (40) exists both in
Left- and Right-compositeness.
As an aside remark we note that a magnetic moment operator of the composite charged leptons
λLv√
2M2
(L¯σµνE)eFµν (53)
gives rise, after mass mixing, to a magnetic moment operator for the standard charged leptons
1
M2
(l¯iσµνmiei)eFµν , i = e, µ, (54)
where M is a typical compositeness scale and mi are the masses of the standard charged leptons.
In turn this corrects the g − 2 anomalies by an extra contribution:
∆ai ≡ ∆(g − 2)i
2
=
4m2i
M2
. (55)
This could explain the putative discrepancy between theory and experiment of the muon anomaly,
∆aµ ≈ 3 · 10−9 [40], with a mass M ≈ 4 TeV, while being consistent with the current information
on the electron (g − 2). The exact correlation between the electron and the muon anomalies is a
consequence of a U(3)L or a (U(2)× U(1))L symmetries of the strong interaction Lagrangian.
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5 Summary and outlook
The motivation for the occurrence of new physics in the TeV range related to EWSB also calls
for the existence of new flavour physics phenomena at similar energies. For this to be the case,
however, as indeed generally implied by motivated extensions of the SM, some physical mechanism
must be operative to avoid the presence of unseen large deviations from the CKM picture of flavour
and CP violation: if present at all they must be kept under some control. That this physical
mechanism be related to the approximate U(2)3 flavour symmetry observed in the quark sector of
the SM Lagrangian is a hypothesis well worth of investigation, as pursued in this paper building
on previous work in the special context of supersymmetry. We have also crucially assumed that
the breaking of U(2)3 takes place along definite directions, specified by (1) and motivated by
minimality.
The first conclusion that we draw from general Effective Field Theory considerations is apparent
from Fig. 1 and 2: the wealth of current flavour physics data is still broadly compatible with new
phenomena hiding at an interesting scale of about 3 TeV, a clearly relevant energy range in
beyond-the-SM theories of EWSB, either perturbative or strongly interacting. We find this a
particularly significant fact from many different points of view: most of all it gives reasons to
think that new physics searches in the flavour sector may be about to explore an interesting realm
of phenomena. Note that, taking EFT considerations at face value, standard MFV based on
U(3)3 implies stronger constraints than in the U(2)3 case, related to the differences summarized
in Table 2.
The relation of these considerations with models of EWSB is manifest. Both in supersymmetry
and in composite Higgs models it is non trivial how specific realizations cope with flavour and
CPV tests other than playing with parameters. U(2)3 may provide a more fundamental underlying
reason. In the case of supersymmetry this has been shown elsewhere [4,5], with possible interesting
connections with the squark spectrum under study at LHC. Here we have seen how the U(2)3
symmetry and its breaking can be implemented in a generic composite Higgs model and we have
analyzed its peculiar consequences for flavour and CPV, summarized in Table 2. We defer to
later work a detailed analysis of the phenomenological consequences for flavour violating as well
as flavour conserving observables, as done e.g. in [41] in the general case and in [34, 42] for the
U(3)3 case.
Lepton Flavour Violation is in many respects the next due subject although with a major
difficulty: the peculiar properties of the neutrino mixing matrix, quite different from the quark
one, and, perhaps not unrelated, the weaker information available in the lepton sector relative to
the quark sector due to the possible role of the right-handed neutrino mass matrix. Altogether we
find it conceivable that the observed neutrino masses and mixings have a very high energy origin
with little impact on Fermi scale physics. Taking this view, we have on the contrary assumed
that the charged leptons may behave with respect to flavour in a similar way to the quarks, with
a natural extension of U(2)3 to a U(2)l × U(2)e. While this can only be a qualitative picture,
since we lack any direct information on the relevant mixing matrix, it gives nevertheless a possible
coherent description of LFV signal in the TeV range. One interesting feature characteristic of
U(2)l ×U(2)e, suitably broken as in (37), is in the comparison between the µ→ e and the τ → µ
transitions, with the chirality breaking operators respectively proportional to ζµτmτ and ζeµmµ.
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As for U(2)3 in the quark case, the implementation of the U(2)l × U(2)e in a generic composite
Higgs model is possible with peculiarities that distinguish Left- from Right-compositeness. Even
in this case the associated phenomenology deserves further study inside and outside the flavour
sector.
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A CKM matrix and effective operators
To a sufficient approximation, the general chirality conserving quark bilinear of eq. (3) gives rise
to the kinetic term
q¯L/∂XkinqL = a q¯3L/∂q3L + b q¯L/∂qL + c (q¯LV )/∂q3L + c
∗ q¯3L/∂(V †qL) + d(q¯LV )/∂(V
†qL), (56)
as well as to all the possible chirality conserving interaction terms
q¯Lγ
µXαintqL = a
αq¯3Lγ
µq3L + b
αq¯Lγ
µqL + c
α(q¯LV )γ
µq3L + c
α∗q¯3Lγµ(V †qL) + d
α(q¯LV )γ
µ(V †qL),
(57)
where qL = (qL, q3L), and α labels the different interactions. All the parameters except the c’s
are real by hermiticity. Chirality conserving interactions among the right-handed quarks are also
possible, but there flavour violations are at higher orders in the spurions (e.g. b¯Rγ
µV †∆YddR)
and thus negligible.
The chirality breaking bilinears of eq.s (4) and (5) generate the Yukawa interactions, and thus
the mass term for the up- and down-type quarks
q¯LYuuR = λt(q¯3LtR + xtq¯LV tR + q¯L∆YuuR), (u↔ d, t↔ b), (58)
where we have reabsorbed the a’s and c’s of eq.s (4), (5) into the λ’s and the spurions to match
the definitions of [4]; they generate also the σµν-terms
q¯Lσµνµ
β
uuR = λt(a
β
uq¯3LσµνtR + b
β
uq¯LV σµνtR + c
β
uq¯L∆YuσµνuR), (u↔ d, t↔ b). (59)
As already stated in Section 2, after suitable U(2)3 transformations the spurions take the form of
eq. (6). Moreover, λt, λb, c and either xt or xb can be made real through phase redefinitions of
tR, bR, q3L and qL, respectively. In this basis the previous operators can be written in the more
compact form
Xkin = A1+BR23I32RT23, (60)
Xαint = A
α
1+BαUα23I32(Uα23)†, (61)
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where I32 = diag(0, O(2), 1) and the A’s, B’s and C’s are real parameters, and
Yu = λt(R
u
23I3 +Ru12∆Y˜ diagu ), Yd = λb(Ud23I3 + Ud12∆Y˜ diagd ), (62)
µβu = λt(a
β
uV
u
23I3 + cβuRu12∆Y˜ diagu ), µβd = λb(aβdV d23I3 + cβdUd12∆Y˜ diagd ), (63)
where I3 = diag(0, 0, 1), ∆Y˜ diagu,d = diag(u,d1 , u,d2 , 0) are defined as in (8) and we have implicitly
chosen xt to be real. Here and in the following Uij and Vij stand always for unitary matrices in
the (i, j) sector, while Rij indicate orthogonal matrices.
We want to derive the expressions for these operators in the physical basis where the quark
masses are diagonal, and the kinetic term has the canonical form. The kinetic term is diagonal-
ized by a real rotation in the (2, 3) sector, and it takes the canonical form after wavefunction
renormalizations of the fields. One can check that these transformations do not alter, to a suf-
ficient accuracy, the structure of the other operators, but cause only O(1) redefinitions of the
parameters.
The mass terms are diagonalized approximately by the transformation
Yu 7→ (Ru12)T (Ru23)TYu ≡ (RuL)TYu, Yd 7→ (Ud12)†(Ud23)†Yd ≡ (UdL)†Yd, (64)
up to right-handed transformations of order u,d1,2 . Therefore one goes to the physical basis for the
quarks by
uL 7→ RuLuL, dL 7→ UdLdL, (65)
and the Cabibbo-Kobayashi-Maskawa matrix, defined in (7), is
V ' (Ru12)T (Ru23)TUd23Ud12 ≡ (Ru12)TU 23Ud12, (66)
where U 23 is a unitary transformation of order . If the parameters xt, xb are both real (e.g. if
there are no CP phases outside the spurions) then Ud23 is real, and also U

23 becomes a real rotation.
Finally, in the physical basis the chirality conserving operators become
Xαint 7→ Aα1+Bα(Ud12)†Uα23I32(Uα23)†Ud12, (67)
and the σµν-terms
µβd 7→ λb
(
aβd(U
d
12)
†Uβ23I3 + cβd∆Y˜ diagd
)
, (68)
and similarly for the up sector.
B Up quark sector within U(2)3
In this appendix we study the contributions to flavour and CP violation in the up quark sector
arising in the U(2)3 framework. In particular, we concentrate on the contributions to D-D¯ mixing,
to direct CP violation in D-decays, to the top decays t→ cγ and t→ cZ and to the top chromo-
electric dipole moment (CEDM).
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Within our setup, the relevant effective operators for the above processes are:
HDLL =
cDLL
Λ2
ξ2uc
1
2
(u¯LγµcL)
2 , (69)
HDcb =
cDg e
iφDg
Λ2
mc ξuc (u¯LσµνcR) gsGµν , (70)
Ht, αcb =
ctαe
iφtα
Λ2
mt ξct (c¯LσµνtR)O
α
µν , O
α
µν = eFµν ,
g
cw
Zµν , (71)
Htcc =
ctcce
iφtcc
Λ2
v2
2
ξct (c¯LγµtL)
g
cw
Zµ, (72)
Htdm =
cdme
iφdm
Λ2
mt (t¯LσµνtR) gsGµν , (73)
where cw = cos θw and c
D
LL, c
D
g , c
t
α, c
t
cc, cdm are real parameters, with the phases made explicit
wherever present. All these coefficients are model dependent and, in principle, can be of O(1).
Since Λ v, the requirement of SU(2)L invariance correlates cDLL, ctcc and φtcc with the analogous
parameters in the down sector. One can easily see they have to be equal within a few percent,
and so they have to respect bounds similar to those for cKLL, cH and φH (see Figures 1 and 2).
B.1 D mixing and decay
In the neutral D meson system the SM short distance contribution to the mixing is orders of
magnitudes below the long distance one, thus complicating the theoretical calculation of the mass
and width splittings x and y (see [43], also for a discussion of the relevant parameters). Despite the
above uncertainties, many studies (see [44, 45] and references therein) indicate that the standard
model could naturally account for the values x ∼ y ∼ 1%, thus explaining the measured 95% CL
intervals x ∈ [0.19, 0.97]%, y ∈ [0.54, 1.05]% [25].
Here, like in [43,46], we take the conservative approach of using the above data as upper bounds
to constrain new physics contributions. Referring to the analysis carried out in [43,46], within our
framework it turns out that the most effective bound is the one on the coefficient in the operator
HDLL. In our notation it reads
cDLL
2
(
3 TeV
Λ
)2
< 90, (74)
so to saturate it we would need values of cDLL that are excluded, since they would imply a too large
contribution to ∆F = 2 observables in the down sector.
Suppose now that the recent LHCb evidence for CP violation in D decays [47] is not due to
the SM. The quantity of interest is the difference between the time-intagrated CP asymmetries
in the decays D0 → K+K− and D0 → pi+pi−, for which the HFAG reports the world average
∆aCP = aKK − apipi = −(0.645 ± 0.180) [25]. In reference [46] all the possible effective operators
contributing to the asymmetry are considered, while respecting at the same time the bounds
coming from D-D¯ mixing and from ′K/K . Following that analysis, the only operator that can
give a relevant contribution in our setup is HDcb, ∆aCP being proportional to the imaginary part of
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the relative coefficient. Referring to the estimations carried out in [46] and [48] for the hadronic
matrix elements, to reproduce the measured value of ∆aCP one would need
cDg sin(argξuc + φ
D
g )
(
3 TeV
Λ
)2
' 40, (75)
a value out of reach if we want to keep the parameter cDg to be of order one.
B.2 Top FCNC and dipole moments
The LHC sensitivity at 14 TeV with 100 fb−1 of data is expected to be (at 95% CL) [49]: BR(t→
c Z, uZ) ' 5.5 × 10−5 and BR(t → c γ, u γ) ' 1.2 × 10−5. Here we concentrate on the charm
channels, since both in the SM and in our framework the up ones are CKM suppressed. In the
SM, BR(t→ c Z, c γ) can be estimated to be of order (m2b/m2W )2 |Vcb|2 α2/s2w ∼ 10−12, so that an
experimental observation will be a clear signal of new physics. To estimate the U(2)3 effects for
these processes, we follow the analysis carried out in [50]. The dominant contributions are those
given by the operators Ht, γcb for t→ cγ, and Ht,Zcb and Htcc for t→ cZ. We obtain
BR(t→ c γ) ' 1.7× 10−8
(
3 TeV
Λ
)4
ctγ
2
, (76)
BR(t→ c Z) ' 8.5× 10−8
(
3 TeV
Λ
)4 (
0.61 ctZ
2
+ 0.39 ctcc
2
+ 0.83 ctZ c
t
cc cos(φ
t
cc − φtZ)
)
, (77)
leading us to conclude that any non-zero evidence for these decays at the LHC could not be
explained in our setup, unless we allow the dimensionless coefficients to take values more than one
order of magnitude bigger than the corresponding ones in the down sector (actually this could be
possible only for ctZ and c
t
γ but not for c
t
cc, because of its correlation with cH and of the bounds of
Fig. 2).
The recent analysis carried out in [51] has improved previous bounds [52] on the top CEDM d˜t
by two orders of magnitude, via previously unnoticed contributions of d˜t to the neutron electric
dipole moment (EDM). In deriving this bound, the authors of [51] have assumed the up and down
quark EDMs du,d and CEDMs d˜u,d to be negligible. This is relevant in our context if
• we allow for generic phases outside the spurions V , ∆Yu and ∆Yd,
• we assume that some other mechanism is responsible for making du,d and d˜u,d negligible.
Notice that this is actually the case in SUSY with heavier first two generations, where on
the contrary there is no further suppression of d˜t with respect to the EFT natural estimate.
Then, the bound given in [51] imposes
cdm| sinφdm|
(
3 TeV
Λ
)2
< 0.6 , (78)
so that future experimental improvements in the determination of the neutron EDM will start to
challenge the U(2)3 scenario with CP violating phases outside the spurions, if the hypothesis of
negligible du,d and d˜u,d is realized.
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C Lepton Flavour Violation in U(2)2
Here we list the contributions to LFV observables induced by the operators
Heff =
∑
j>i
ζij
Λ2
[
cjmej(e¯LiσµνeRj)eFµν + c
l
j(e¯LiγµeLj)(e¯Liγ
µeLi) + c
e
j(e¯LiγµeLj)(e¯Riγ
µeRi) (79)
+ cuj (e¯LiγµeLj)(u¯γ
µu) + cdj (e¯LiγµeLj)(d¯γ
µd)
]
+ h.c. (80)
The lj → liγ branching ratio is given by
BR(lj → liγ) = 192pi
3α
G2F
|ζijcj|2
Λ4
bij , (81)
where bij = BR(lj → liνν¯). The lj → lil¯ili branching ratio reads [53,54]
BR(lj → 3li) = 1
2G2F
bij
|ζij|2
Λ4
[
e4|cj|2
(
16 ln
mlj
mli
− 22
)
+
1
2
|clj|2 +
1
4
|cej |2
+ e2
(
2cjc
l∗
j + cjc
e∗
j + h.c.
) ]
. (82)
For µ-e conversion, one obtains [55, 53]
Γ(µ→ e) = α
3
4pi2
Z4eff
Z
|F (q)|2m5µ
|ζij|2
Λ4
∣∣(2Z +N)cuj + (2N + Z)cdj − 2Ze2cj∣∣2 . (83)
In the case of 4822Ti, one has Zeff = 17.6 and |F (q2)| = 0.54 and the conversion rate is defined as
CR(µ Ti→ e Ti) = Γ(µ Ti→ e Ti)
Γ(µ Ti→ capture) , (84)
where the capture rate is Γ(µ Ti→ capture) = (2.590± 0.012)× 106 s−1.
C.1 Radiative lepton decay in SUSY U(2)2
In supersymmetry with a minimally broken U(2)2 symmetry in the lepton sector, assuming first
and second generation sleptons to be decoupled, the dominant contributions to the LFV dipole
operators come from chargino-sneutrino and neutralino-stau loops. Neglecting trilinear terms,
these can be written as
64pi2
Λ2
ζijc
chargino
j =
W i3∗L W
j3
L
m2τ˜L
[
g2|Z1a+ |2 Fc(xχ˜−a )−
√
2g
mχ˜−a
v
Z2a∗− Z
1a∗
+ Gc(xχ˜−a )
]
, (85)
64pi2
Λ2
ζijc
neutralino
j =
W i3∗L W
j3
L
m2τ˜L
[
g2
2c2w
|Z1aN sw + Z2aN cw|2 Fn(xχ˜0a) (86)
− g
cw
mχ˜0a
v
Z3a∗N (Z
1a∗
N sw + Z
2a∗
N cw)Gn(xχ˜0a)
]
, (87)
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where xχ˜ = m
2
χ˜/m
2
τ˜L,ν˜τ
. The matrices Z+, Z− and ZN are defined as in [56]. The loop functions
are
Fc(x) = − 1
12(1− x)3
(
2 + 5x− x2 + 6x lnx
1− x
)
, Fc(1) = − 1
24
, (88)
Gc(x) = − 1
2(1− x)2
(
−3 + x− 2 lnx
1− x
)
, Gc(1) = −1
3
, (89)
Fn(x) =
1
12(1− x)3
(
1− 5x− 2x2 − 6x2 lnx
1− x
)
, Fn(1) =
1
24
, (90)
Gn(x) =
1
2(1− x)2
(
1 + x+ 2x
lnx
1− x
)
, Gn(1) =
1
6
. (91)
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